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ABSTRACT 
OPTIMAL CONDITIONS FOR MEASURING IGNTION QUALITY 
IN NON-ENGINE TESTS 
 
 
Ashley Hatzenbihler, B.S. 
 
Marquette University, 2019 
 
 
 Experiments and simulation work were conducted to explore the conditions that 
influence ignition events in a constant volume environment. Experiments were conducted 
in a Fuel Ignition Tester, produced by CFR Engines, Inc., and in a prototype combustion 
chamber to observe the combustion of diesel fuels and primary reference fuels. These 
experiments attempted to isolate experimental conditions that would provide repeatable 
pressure measurements. These experiments showed that the fuel spray properties and the 
environmental conditions, such as initial temperature and initial pressure, are 
significantly influential in these results. Simulation work was conducted in Converge 
2.2.0 to explore these conditions further. The simulations were focused on the 
examination of the effects of the injected fuel mass, the geometry of the chamber, and 
temperature inhomogeneities on the ignition delay results for n-dodecane, a well-defined 
diesel surrogate fuel. These simulations revealed that combustion events are sensitive to 
the initial temperature of the environment and slightly sensitive to fuel mass. It was found 
that geometry effects have significant effects on fuel-air mixing, which in turn has large 
effects on the intermediate reactions in low-temperature combustion of hydrocarbons. 
Ultimately, it was concluded that conditions should be sought to reduce the system’s 
sensitivity to slight changes in fuel mass in order to produce a reliable direct correlation 
between ignition delay and cetane number.   
 
 This study acts to further the development of an optimal CVCC experimental 
setup to measure ignition quality of diesel fuels. Based on the results from this thesis, a 
reliable direct correlation between ignition delay and cetane number could be developed 
through iterations on the conditions in CVCC experiments, through further simulation 
and experimental work. Simulation work from this study could be extended to explore 
incremental changes in fuel mass at different fuel mass conditions. This would provide 
insight into which fuel mass conditions are least sensitive to slight changes on an 
experiment-by-experiment basis. These simulation results could then be applied to further 
experiments to determine the repeatability of the pressure results at those fuel mass 
conditions.  
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1 INTRODUCTION 
1.1 Outline 
This thesis describes the relevant background, motivation, and proposal of 
experiments and simulations for the study at hand. The first chapter contains the 
motivation and a relevant literature review. The second chapter explores the combustion 
mechanics relevant to this research. The Fuel Ignition Tester (FIT) is described in detail, 
including its experimental procedure and result evaluation, in chapter 3.  Chapter 4 
describes the re-design and components of the prototype combustion chamber developed 
for this research. Chapter five presents the experimental results obtained in the 
combustion chamber. Chapters six and seven explore the simulations conducted for this 
study and their results, respectively. This thesis concludes with conclusions, analysis, and 
suggestions for future works. 
1.2  Motivation and Proposal 
Constant volume combustion chambers (CVCCs) are used as an alternate method 
for quantifying the cetane number (CN) based on the ignition behavior of a fuel. The 
global standard for the CN of a fuel is determined by tests done in the F5 engine, 
developed by CFR Engines Inc, in Waukesha, WI. The CN ratings produced by the F5 
engine are used as the reference scale for all other CN measurements. These ratings 
determine the ignition quality of a fuel, and whether the fuel is acceptable for use in 
engines. The F5 engine is expensive to purchase, maintain, and operate. CVCC 
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experiments to determine CN are beneficial to research labs due to their smaller lab 
footprint, lower cost, and ease of use, as well as lucrative to the manufacturer due to the 
lower production cost. The goal of this research is to guide the development of a CVCC 
capable of reliably determining the CN of a given fuel based on a correlation between the 
measured ignition delay and the CN at a given temperature and pressure condition. 
In collaboration with Waukesha CFR, the proposed development of the CVCC is 
focused on optimizing and updating the Fuel Ignition Tester (FIT), which was previously 
produced by CFR. The FIT is a CVCC which measures the derived cetane number 
(DCN) of a given fuel based on ASTM D7170[1]. ASTM D7170 dictates that DCN can 
be correlated to the ignition results of a specific data set. To achieve this, the ignition 
delay of n-heptane is required to match the value in the data set. From there, the DCN of 
another fuel can be calculated from the determined ignition delay. The FIT differs from 
the F5 engine, also produced by CFR Engines Inc., which also acts to quantify the cetane 
number of fuels. The F5 engine correlates the handwheel reading of a particular fuel that 
has been bracketed by a higher and a lower cetane number fuel. The handwheel reading 
corresponds to the crank position that provides a compression ratio that leads to ignition 
13° before top dead center. These measurements are made in accordance with ASTM 
D613[2]. The F5 engine, unlike the FIT, provides a direct relationship between a reading 
and the ignition delay of a fuel, which leads to a CN rating instead of a DCN. For future 
improvement of this study, it is desired to avoid a derived correlation and instead rely on 
direct measurement of ignition delay through pressure data. 
The primary goals for the current research are to evaluate a constant volume 
combustion system to determine which of the physical parameters within the system lead 
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to sensitivities in the chemical reactions that occur within the chamber. Specifically, this 
study seeks to provide insight for optimal conditions to prevent minor changes in 
physical test parameters leading to significant impacts on ignition delay measurements. 
These parameters will be examined through physical experiments and computational 
simulations, all of which will be outlined and analyzed in this thesis. 
1.3 Literature Review 
Significant work has been done analyzing fuel spray ignition in CVCC 
environments, both computationally and experimentally ([3], [4], [5], [6], [7], [8]) . The 
primary experimental devices for CVCC diesel fuel analysis are the FIT, the Ignition 
Quality Test (IQT), the Cetane Ignition Delay (CID), and the AFIDA. These devices 
share many qualities, but also have some notable differences, primarily the testing 
conditions, such as temperature and pressure, and the fuel injection pressure utilized 
during experiments. The examination and understanding of these differences and their 
effects on constant volume combustion experiments provides useful information for the 
development of future experiments. 
Seidenspinner et al.[9] developed a constant volume combustion chamber with 
the goal of calculating the cetane number of fuels by calibrating the equipment with 
primary reference fuels and using the ignition delay as an input. The Advanced Fuel 
Ignition Delay Analysis (AFIDA) device in their study is capable of fuel injections up to 
1200 bar, chamber temperatures up to 1000 K, and chamber pressures up to 50 bar. The 
study on and development of the AFIDA were novel due to the dramatic decrease in fuel 
necessary for an experiment compared to the FIT and the correlation nature of the 
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ignition delay to cetane number relationship. The AFIDA requires 40 mL of fuel while 
the FIT requires 200 mL of fuel per test [1]. The AFIDA calculation method for cetane 
number more closely resembles the CFR engine method[2] than the FIT method[1] 
because it is a direct calculation, not a derived relationship. The curve for CN calculation 
was determined through experiments conducted with primary reference fuels (PRFs) with 
known CNs of 35, 40, 46, 53, 60, and 70. Each fuel was injected into the AFIDA 
chamber and the ID was recorded. A curve was then developed based on the relationship 𝐶𝑁 = 𝑎	 ∙ *𝜏,-./0 + 𝑐 ∙ *𝜏,-./3   (1) 
The data from the study is below in Figure 1. 
 
Figure 1 Cetane number versus ignition delay time for six different primary reference 
fuel blends[9] 
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The field of computational work examining diesel fuels and diesel surrogates is 
expansive and continuously growing, particularly as the need for more efficient fuel 
consumption rises. Several studies have been done examining various physical 
parameters on the ignition properties of these diesel fuels in constant volume 
environments, particularly focused on the spray mechanics of these experiments. Some 
studies explored the effects of fuel temperature, but not the ambient temperature effects 
on the combustion characteristics of various fuels [10], [11]. Fuel temperature is 
particularly important in cold-start diesel experiments, which differ from CVCC 
experiments. 
For example, in 2016, Pei et. al [12] conducted 2D large eddy simulations (LES) 
on n-dodecane with similar fuel properties, injection velocity, and fuel pressure to those 
that will be examined in this study. The model utilized a probability density function and 
it was found that the results over predicted ignition delay. This over-prediction of ignition 
delay is a common trend in simulation work on auto-ignition of diesel fuels and diesel 
surrogates. Pei et. al found that vapor penetration of the fuel spray in non-reacting cases 
increased as fuel injection pressure increased. This is due to the increased droplet breakup 
of the spray. This study found that injection pressure has minimal effect on ignition delay 
by examining cases at injection pressures of 50, 100, and 150 MPa. There was a slight 
downward trend due to the increased mixing of the fuel and air. This guided the 
simulation work in this thesis by eliminating fuel injection pressure as a critical 
parameter to examine regarding changes in ignition delay.  
Additionally, in 2012, Som et. al [13] compared Reynolds-Averaged Navier 
Stokes (RANS) simulations and large eddy simulations (LES) for the autoignition of n-
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dodecane in a constant volume environment. In this study, LES increased the accuracy of 
ignition delay measurements due to its ability to capture transient turbulent effects. It was 
found that RANS and LES simulations provided comparable global spray and 
combustion characteristics. The improvement in results for the LES simulations required 
150 hours of computational time, a ten times increase from the RANS simulations. Based 
on this study, RANS was selected for this thesis due to the need for computational 
efficiency and the qualitative nature of the results. 
 Yao et al. [14] in 2017 examined the effects of fuel pressure on the ignition delay 
of diesel fuel with a CN of 50. It was observed that the ignition delays decreased as the 
fuel injection pressure increased due to the increased evaporation rate of the fuel. This 
study held the fuel mass constant with the varying fuel injection pressures; therefore, fuel 
mass effects were not studied. This study also did not examine the effects of fuel 
penetration on the combustion of the fuel.  
 In 2014, Gong et. al [15] examined the influence of ambient temperature of 
autoignition of n-dodecane in computational studies. It was observed that two-stage 
ignition occurred at 900 K and 1000 K, so the increasing temperature did not lead to 
single-stage ignition behavior. It was also observed that the ignition delay time decreased 
with the increase in ambient temperature. This study did not explore temperature 
inhomogeneities and their potential effects on combustion. Additionally, no vapor or 
liquid penetration was observed in any of the computational results.  
 Finally, Chen et. al [16] studied the spray impingement effects of diesel fuels at 
773 K ambient temperature and 2 MPa and 4 MPa ambient pressure conditions. In this 
study, the temperature was assumed to be uniform. In all cases, ignition occurred in the 
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wall jet region and the constant wall temperature had an effect on the vapor region of the 
spray, but not the liquid region. Chen observed that ignition delay is greatly influence by 
ambient pressure, as seen in Figure 2, and decreases with increasing wall temperature. 
Additionally, it was found that soot emissions increase with wall penetration of fuel 
sprays, which can have effects on combustion tests.  
 
Figure 2 Visualization of the effects of ambient pressure on the ignition delay of a diesel 
fuel (Figure 4 from [16]) 
Together, these literature sources provided crucial background and understanding 
for the proceeding study. These sources also guided the selection of the physical 
parameters of interest in the computational study discussed in this thesis. 
1.4 Objectives and Methods 
The following experimental plan is driven by the goal to reconfigure the Fuel 
Ignition Tester (FIT) to improve the range of obtainable cetane numbers (or acceptable 
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fuels), develop a correlation between ignition delay and cetane number that does not rely 
on a calibration technique, and to identify optimal conditions for cetane number tests in a 
constant volume device. To reach these goals, it is critical to understand the procedure for 
the existing FIT setup, obtain data using the current testing methods described by ASTM 
D7170, and then re-examine the testing procedure using new components and testing 
conditions.  
It is predicted that the fuel injection system from the original FIT does not provide 
sufficiently high injection pressure to promote fuel droplet breakup and obtain reactions 
that provide information about the chemical properties of the fuel. High fuel pressure has 
been shown to decrease ignition delay due to increased droplet breakup, which allows for 
increased mixing of the fuel and air. Second, ASTM D7170 limits the temperature of the 
apparatus to 595°C, thus it is predicted that this condition limits the ignition mechanics 
within the chamber. In the development of a reliable correlation between ignition delay 
and cetane number, it is critical to have a testing environment with initial conditions, such 
as pressure and temperature, that promote distinct variations in the pressure data results 
for distinctly different fuels.  
Experiments are to be conducted in two stages, each utilizing different testing 
configurations; stage one will be conducted in a modified FIT configuration, and stage 
two will be conducted in a prototype fabricated chamber configuration. Each stage of 
experimentation will aid in the identification of optimal conditions for CVCC tests. 
Specifically, the experiments will provide insight for the influences of initial temperature, 
fuel mass, and initial pressure on ignition delay measurements. Ultimately, it is desired 
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for physical experiments to be conducted at conditions that provide reliable, repeatable 
results.  
Simulation work will be conducted to aid in the re-design of the original FIT 
chamber, specifically through the analysis of the influence of critical parameters in the 
CVCC environment. Ignition behavior is sensitive to spray formation, local temperature, 
spray pressure, spray mass, and the pressure of the gas into which the fuel is injected. 
Simulations will be conducted in Converge CFD Software, version 2.2, to quantify and 
visualize the temperature gradient within the combustion chamber, the spray formation of 
the injected fuel, and the vapor and liquid penetration lengths of the fuel. These 
simulation results will guide future development of the CVCC and help to understand the 
experimental results obtained from the CVCC prototype. Specifically, these results seek 
to identify the physical control parameters that the ignition delay time of a given fuel is 
most sensitive to and will provide insight for testing conditions which will reduce these 
effects. Understanding these parameters and their influences is crucial in creating a 
repeatable correlation between ignition delay and cetane number. The ideal environment 
to create such a correlation is one that is insensitive to minor changes to physical control 
parameters, such as initial temperature and the injected fuel mass.  
1.4.1 Stage 1 Experimental Methods 
 The first stage of experiments targets minor changes to the initial FIT 
setup. Early in the project, it was predicted that the fuel injection pressure would need to 
be increased to facilitate finer fuel atomization, which improves the fuel evaporation, to 
allow for more premixing of the fuel and air mixture. This increase in premixing of the 
10 
 
 
 
fuel/air mixture provides ignition delay measurements that are more kinetically driven 
than diffusion driven. Kinetically driven results will provide more insight into the 
chemical properties of a fuel, which will hopefully provide a reliable direct correlation 
between ignition delay and cetane number. The original FIT combustion chamber is to be 
modified to accommodate a high-pressure common rail diesel fuel injector. Additionally, 
experiments will be conducted at various initial pressure and chamber wall temperature 
conditions. These results will provide insight to the sensitivity of ignition delay to such 
environmental conditions. This stage of experiments is aimed to inform the redesign of 
the combustion chamber and testing assembly.  
1.4.2  Stage 2 Experimental Methods 
 Stage three experiments will be conducted in a re-designed prototype 
combustion chamber. The re-design will be based on information from the prior stages. 
The bulk of experimental work will be done in this stage. Prototype validation will take 
place to confirm the viability and functionality of the design. During this phase, all data 
acquisition instrumentation will be replaced to reduce measurement error. The high-
pressure common rail diesel injector from stage two will still be utilized. 
 After validation that the CVCC is functional and safe, analysis of  the 
effects of altered testing conditions will be conducted. This experimentation will be 
driven by the information found in the literature review. This guidance is crucial because 
there are several independent variables that influence ignition delay. Chamber pressure, 
chamber temperature, and fuel mass have been shown to be the most influential. Testing 
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will be conducted to visualize and quantify the effects of these parameters. These results 
will guide the simulation work described in the next section.   
1.4.3 Simulation Methods 
Simulations will be conducted using CONVERGE 2.2.0 in conjunction with 
CONVERGE Studio and ParaView 5.5.2. The first stage of simulations will determine 
the steady-state temperature field in the combustion chamber environment under different 
boundary and geometry conditions. This stage of simulation work is necessary to 
determine the temperature field within the chamber at the time of fuel injection. It cannot 
be assumed that the gas in the chamber prior to injection is at a uniform temperature 
based on the experimental temperature results. These results will be implemented in the 
second stage simulations. The second stage simulations will consider transient effects, 
turbulence, and chemical reactivity to examine fuel spray ignition of n-dodecane, a 
simple, yet common diesel surrogate, in different environments. A reduced chemical 
mechanism will be utilized along with simplified turbulence modeling to determine the 
ignition behavior of n-dodecane in these environments. The results will be analyzed in 
MATLAB and visualized in ParaView.   
2 COMBUSTION MECHANICS 
2.1 Types of Combustion 
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Combustion occurs when a substance rapidly reacts with oxygen, producing heat 
and light. In gasoline car engines, combustion is initiated by the compression of a 
gasoline and air mixture in combination with an appropriately timed spark that leads to 
ignition\ In some instances, combustion can be initiated by autoignition. Autoignition 
occurs when a substance ignites based on the temperature of the mixture without the 
influence of a flame or a spark. This behavior is present in diesel engines, which initial 
combustion by compressing a fuel and air mixture to increase the rate of the chemical 
reaction that ignites the mixture. Autoignition also occurs in CVCCs, as will be explored 
in the rest of this these. 
The combustion that occurs in CVCCs is due to the autoignition of the fuel and 
air mixture within the chamber. The properties of this autoignition are determined by the 
amount of fuel that is injected, the amount of air in the chamber when the fuel is injected, 
the temperature of the air in the chamber, and the heat transfer properties of the 
combustion environment.  
2.2 Low Temperature Combustion 
Within the range of 500-1000 K, the combustion of hydrocarbons is considered 
“low-temperature combustion”[17]. In this region, chemistry dominates the observed 
phenomena of the combustion and the combustion chemistry is varied in the gas-phase 
oxidation of the fuel [17].. During the combustion of hydrocarbons, many reaction 
intermediates are formed. Reaction intermediates are transient species that are formed 
during a multi-step reaction. They are formed in a preceding step and then consumed in a 
subsequent step[18]. The formation and consumption of these reaction intermediates 
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generates the final reaction product.  These reaction intermediates act as chain branching 
agents in some cases of low-temperature oxidation of hydrocarbons.  
As the temperature rises, high temperature chemistry becomes influential. The 
high temperature local conditions rapidly accelerate the combustion, which leads to a 
rapid release of energy as reactive intermediates form. Essentially, the low temperature 
chemistry prepares the mixture for ignition, the intermediate chemistry ignites the 
mixture, and the high temperature chemistry burns the mixture. 
2.3 Ignition Delay in Low-Temperature Combustion 
Ignition delay is defined as the time interval between the initiation of combustion 
and the manifestation of ignition. For this study, the manifestation of ignition is varied to 
examine consistency of results at specific conditions. In some studies, the initiation of 
combustion is defined as the point where the chamber pressure returns to the initial 
pressure value after the pressure drops due to the injection of the fuel. As the fuel is 
injected, energy is required to evaporate the fuel, causing the chamber temperature and 
pressure to briefly drop. The point where the pressure returns to its initial value is often 
referred to as the pressure recovery point. The point of ignition can also be defined as the 
point in time when the pressure in the chamber rises above the initial pressure by a given 
amount.  
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Figure 3 Visualization of pressure data highlighting energy loss, pressure recovery, and 
ignition 
The time between the initiation of combustion and ignition in low-temperature 
environments is heavily dependent on temperature conditions. In constant volume 
combustion experiments with non-premixed conditions, physical effects are especially 
influential. The fuel is injected into the chamber in liquid droplet form. These droplets 
evaporate and mix with the gases in the chamber. The physical phenomena from the 
droplet evaporation and mixing become less important factors in ignition delay when the 
physical timescale of the reaction is long relative to the chemical timescale. These 
conditions occur in low-temperature combustion of injected fuel in a CVCC, which is the 
focus of the current study. This behavior often leads to two-stage, rather than single-
stage, ignition. When physical properties of a system dominate the reaction mechanisms 
within the CVCC, two-stage ignition behavior can be suppressed if there is insufficient 
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mixing time for the fuel/air mixture. In these cases, mass transport diffusion is the 
prominent effect in the ignition behavior of the fuel.  
An example of a two-stage ignition process curve is plotted in Figure 4. The 
sudden, limited pressure rise indicating first-stage ignition is highlighted. Additionally, a 
significantly higher pressure rise, indicative of second-stage ignition, is highlighted.  
For diesel fuels, or diesel-like fuels, in a constant volume environment, it is 
important to capture the two-stage ignition behavior of the fuel to accurately compare the 
chemical kinetic properties of different fuels. This behavior is based on the chemical 
properties of the fuel, whereas single-stage ignition, which can be forced by 
environmental conditions, is based on physical properties of the system. Diffusion 
burning, a single-stage process, is dominated by high temperature mechanisms and 
minimizes the effect of the low temperature heat release. These effects occur when the 
initial temperature of the system is increased[19]. 
 
Figure 4 Demonstration of two-stage ignition behavior  
with U fuel in a CVCC at 600°C 
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The FIT developed by Waukesha CFR is a high-pressure, medium-temperature 
environment that displays single-stage ignition behavior, indicating the dominance of 
high-temperature effects such as those described above on the ignition of the fuel. This 
study seeks to explore the reduction of those influences and to get a kinetically-driven 
pressure measurement. 
3 FIT OVERVIEW 
3.1 Description of Original FIT 
The Fuel Ignition Tester (FIT) was developed by Waukesha CFR in 2003. The 
goal of the FIT was to determine the derived cetane number (DCN) of a given fuel based 
on the ignition delay (ID). The FIT, in its entirety, contains a fuel pump, fuel injector, 
pressure sensors, thermocouples, a fuel reservoir, electronic control equipment, and data 
processing software. The fuel delivery assembly is a mechanical fuel pump coupled with 
a single hole pintle injector. The injection pressure is estimated to be 1200 pounds per 
square inch (psi). The FIT is a desktop unit that utilizes fully automated testing and data 
analysis.  
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Figure 5 Original FIT benchtop unit with coolant circulator 
3.2 Test Sequence 
The testing sequence for the FIT follows ASTM D7170 exactly[1]. The test 
standard defines pertinent values, such as the injection period, derived cetane number, 
and ignition delay. The test standard also defines the testing conditions, including 
temperature parameters, pressure parameters, and acceptance criteria. ASTM D7170 was 
last updated in 2014. The test method involves direct fuel injection into a temperature-
controlled constant volume chamber filled with heated, compressed air. The ignition 
delay is measured and converted to a derived cetane number (DCN). ASTM D7170 is 
applicable for fuels in the range of 35.0-59.6 DCN (ignition delay from 4.89 ms to 2.87 
ms, respectively). Each test requires 220 mL of fuel and, under ideal operating conditions 
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in a fit-for-use instrument, 20 minutes. A schematic of the FIT system is shown in Figure 
6.  
Figure 6: FIT schematic including components, sensors, and analysis system[1] 
Before the start of testing, D7170 requires calibration of the apparatus using n-
heptane with a minimum purity of 99.5 volume percent. The combustion chamber 
leakage rate cannot exceed 2.0 kPa/s. This leakage rate is tested by an automated check 
conducted by the system. The standard operating conditions of the chamber are defined in 
Table 1. All values in Table 1 indicated by an asterisk after the variable are based on an 
average of 25 combustion cycles. 
Table 1: Standard operating conditions of FIT given by ASTM D7170 
Variable Description Value Range Units 
P0* Chamber static pressure 2.40 + 0.02 MPa 
T1 Chamber charge air temperature 510 + 50 °C 
T2max Max chamber inner wall temperature 595 °C 
T2max-T2min Difference in temperatures 2.5 °C 
T3 Fuel injection pump temperature 35 + 2 °C 
T4 Injector nozzle coolant temperature 30 + 0.5 °C 
P2 Injection actuator air pressure 0.75 + 0.05 MPa 
IP* Injection period 5.00 + 0.25 ms 
IP Individual injection period for each cycle 5.00 + 1.00 ms 
3.2.1 Calibration Testing 
Two reference materials should be tested: heptane and methylcyclohexane. 
Heptane affirms that the combustion chamber air temperature setting produces ignition 
delay results that satisfy the specification limit of three averaged ignition delay results be 
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equal to 3.15 + 0.02 ms. If the results are not within this limit, the temperature setpoint 
must be adjusted. If the result is less than the desired value, the temperature of the 
chamber should be increased. If the result is more than the desired value, the temperature 
of the chamber should be decreased. The ID increases when the combustion chamber 
temperature decreases. Three more ID measurements should then be taken. If the average 
of the three ID measurements is not within the specification limit and the temperature 
change was greater than + 4 °C from the last setpoint, testing cannot continue. If the 
calibration setpoint value cannot be obtained, reliable results for ID with other fuels 
cannot be obtained. 
Methylcyclohexane should then be tested in a series of two consecutive ID 
determinations. The results from each test must be between 10.1 + 0.6 ms. The average of 
the two sequential results must be within 10.1 + 0.5 ms. As before, if either of those 
conditions is not met, testing cannot continue without diagnostic procedures being 
preformed on the device, as it is likely that there is a system malfunction. If the heptane 
and methylcyclohexane calibration results are all within the acceptable values, testing can 
continue in the device with other fuels. 
At any point, if it suspected that ID results from the device are not acceptable, a 
single quality check can be done with heptane and with a quality control sample of 
known ID within the standard range. For this case, a single ID determination is 
acceptable for each fuel and the results must be within the limits of ASTM D6299, the 
Practice for Applying Statistical Quality Assurance and Control Charting Techniques to 
Evaluate Analytical Measurement System Performance.   
3.2.2 Operating Procedure 
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3.2.2.1 Preliminary setup 
Before an official test cycle can begin, the following should be conducted. 
i) Ensure that the regulator for the charge air is set to provide an acceptable 
pressure. 
ii) Turn on the computer, the coolant circulator pump, and the air supply for the 
fuel pump. 
iii) Initiate the warm-up sequence. 
iv) Perform a quality control test as described in Calibration Testing. 
If the device is found to be fit-for-use, procedure to the test procedure. 
3.2.2.2 Test Procedure 
i) Fill fuel reservoir with the test specimen, ensuring that the reservoir cap is 
reinstalled and is hand tight. 
ii) Flush the entirety of the test specimen through the fuel injection system. 
iii) Remove he fuel reservoir cap and refill the reservoir with the test specimen, 
again ensuring that the reservoir cap is reinstalled and is hand tight. 
iv) Flush the test specimen through the system for approximately 3 seconds. 
v) Conduct two pre-injection tests. 
(1) Inject the test specimen two times. 
(2) Evaluate the injection duration to confirm that the duration is within 5.00 
+ 0.25 ms. 
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(3) If the injection duration does not match this criterion, the fuel pump needs 
to be adjusted according to the instructions provided in the manufacturer 
instruction manual. 
vi) If all pre-testing conditions are met, proceed to conduct 25 combustion tests 
vii) The results from the 25 combustion tests will be provided by the automated 
testing system, which will list the ID result as an average of the 25 cycles and 
the DCN as determined by the mean ID.  
viii) Once testing is completed, flush the remainder of the test specimen 
through the system until the reservoir is empty. 
To test another specimen, repeat the procedure listed above.  
3.2.3 Diagnostic Equipment 
The diagnostic equipment utilized by the FIT apparatus includes a static 
pressure sensor, a dynamic pressure sensor, type K thermocouples, a needle-lift 
sensor, PT100 temperature sensors, and a microprocessor-controlled system that 
is connected to the device.  
The static pressure sensor measures the static pressure within the chamber 
before and after each combustion cycle (P0). The dynamic pressure sensor records 
the pressure within the combustion chamber during each combustion cycle (P1). 
This pressure sensor is also equipped with a temperature sensor that records the 
temperature at the sensor (T3). The type K thermocouples measure the 
temperatures at the internal surface of the chamber and of the gas at the center of 
the chamber (T2 and T1, respectively). The PT100 temperature sensors measure 
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the temperatures of the fuel injection pump and of the coolant flowing through the 
coolant passage (T4 and T5, respectively). 
3.3 Evaluating FIT Results 
After 25 cycles are completed, a summary of the data is output. The parameters that 
are recorded during each test are given in Table 2. A sample of the data summary output 
is shown in Figure 7.   
 
Figure 7: Sample data output for a heptane test in the FIT apparatus 
Table 2: FIT testing output parameters 
Ignition Delay ID 
Chamber Static Pressure P0 
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Chamber Dynamic Pressure Maximum P1max 
Chamber Charge Air Temperature T1 
Chamber Inner Wall Temperature T2 
Fuel Injection Pump Temperature T3 
Injection Nozzle Coolant Jacket 
Temperature T4 
Injection Period IP 
From the mean of the ignition delay values, the DCN is calculated from the 
equation given in ASTM D7170[1].  𝐷𝐶𝑁 = 150.4 ∗ ; <=>? + 5.3    (2) 
 
 The development of this correlation was based on the data obtained in a 2007 
interlaboratory study. In this study, ignition delay and cetane numbers were obtained for 
a range of fuels. More details from this study can be found in the ASTM Research Report 
RR:D02-1641. From this data, it was assumed that if the ignition delay of heptane is 
equal to the ignition delay found in the study (3.15 ms), then the relationship between 
ignition delay and CN in the study can be used to determine the DCN of an unknown fuel 
based on its measured ID under the same conditions that satisfied the heptane 
verification.  
The classification difference between DCN (derived cetane number) and CN 
(cetane number, non-derived) is based on the nature of obtaining the value. In CN 
measurements, the fuel is typically tested in an F5 engine, also produced by Waukesha 
CFR, under the requirements of ASTM D613[2]. Within this method, the CN of a fuel oil 
is determined through a “bracketing method” that assumes a linear interpolative 
relationship between two bracket fuels and the unknown fuel. Whereas in the FIT, a 
correlation method is used, leading to a derived, instead of a measured, value. A goal of 
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this study is to develop a relationship that leads to a measured value instead of a derived 
value. 
 
 
4 FIT RE-DESIGN 
 The FIT re-design phase of the project was prompted by technical difficulties 
found in the original FIT. Namely, results were becoming less reliable and consistent. 
The upper temperature limits of D7170 were being pushed to achieve an appropriate n-
heptane calibration with the device. Without an acceptable calibration, the device is not 
fit for use with other fuels. Additionally, the fuel injector in the FIT requires frequent 
cleaning to ensure reliable results. A notable drop in accuracy occurs when the injector 
has not been cleaned due to a buildup of carbon deposits on the tip of the injector leading 
to inconsistent fuel spray patterns. Finally, the sealing mechanism at the bottom of the 
chamber became less reliable over time since it relies on metal-on-metal contact without 
a sealing ring. Due to the desire for higher temperature capabilities, increased reliability, 
and a need for higher injection pressure, the following new system is proposed. 
4.1 System Constraints 
4.1.1 Fuel system constraints  
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The re-design of the FIT was constrained by several important parameters. First, 
based on the spray simulation data found in Stage 2: Reactive Spray Simulations, the 
inner diameter of the chamber had to be sufficiently large enough to avoid liquid 
penetration of the fuel. It is estimated from the literature review and the simulation results 
that the liquid penetration of the fuel from the Bosch LB7 injector at 24 bar and 600°C is 
larger than the inner radius of the FIT chamber. In the right image of Figure 8, the white 
box represents the inner radius of the FIT chamber. The blue spray is the liquid spray 
from the fuel injector. The height of the white box is not to scale. As can be clearly seen, 
the liquid spray extends to the chamber wall.  
 
Figure 8 The inner diameter of the original FIT chamber is shown on the left, apparent 
liquid penetration is shown on the right 
While changing the inner diameter was deemed necessary, the height of the 
chamber was appropriately altered to match the volume of the original FIT chamber. The 
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chamber dimensions were also constrained by the need for the dimensions of a cooling 
block surrounding the fuel injector to keep fuel temperatures at appropriate levels.  
The dimensions of the cooling block were based on the dimensions from the 
block from the original FIT while being constrained by dimension A in Figure 9. The 
block needed to be altered to accommodate the o-ring on the injector and the height of A, 
which allows the injector shoulder to rest on the cooling block, providing a surface to 
allow for enough force to crush the crush washer, which ensures a seal between the 
coolant reservoir and the combustion chamber. The bolt pattern to attach the cooling 
block was held consistent with the bolt holes in the original design. 
Based on the dimensions of the Bosch LB7 injector, the entry point of the 
chamber was constrained to have a hole diameter of 0.400 inches, shown by dimension D 
in Figure 9. The entry point was also required to have a shoulder diameter of at least 
0.995 inches to accommodate the copper crush washer that forms the seal between the 
inside of the chamber and the inside of the cooling block, shown by dimension B in 
Figure 9. The height of the neck of the flange was also determined based on the 
dimension in Figure 9 – the height of the neck needed to be sufficient to accommodate 
the length of C while allowing the tip of the injector to protrude into the chamber.  
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Figure 9: System design constraints as determined by the Bosch LB7 injector 
4.1.2 Chamber Integrity Requirements 
The chamber assembly was required to be able to withstand and sustain high 
temperature, high pressure conditions. These conditions are summarized in Table 3.  
Table 3: Operation conditions for design consideration 
Parameter Required Value Units 
Operating temperature 650 °C 
Maximum temperature 700 °C 
Operating pressure 24 Bar 
Maximum pressure 50 Bar 
The chamber must be able to sustain a rapid increase in pressure, which at its peak 
is roughly double the initial pressure. This rapid increase in pressure must be sustained 
while the chamber is at the operating temperature.  
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In the event of an emergency, the pressure vessel was also required to operate 
within an enclosure that could contain any chamber failure. It was recommended by 
Butters-Fetting in Milwaukee, Wisconsin that the enclosure have an intentional weak-
point that would fail in the event of a chamber rupture. The dimensions of this enclosure 
were constrained by the height of the chamber assembly in its entirety, the width of the 
chamber with the addition of insulation and heaters, and the ability to utilize tools on the 
chamber assembly while it is enclosed.   
These chamber integrity requirements dictated the material selection of the 
design. Additionally, the requirements constrained the wall thicknesses and the chamfer 
angles within the assembly. The wall thickness of the chamber was determined by the 
need to prevent rupture during a pressure load produced by deflagration while also being 
small enough to keep the mass of the chamber within a reasonable range. According to 
Section VIII, Div 1 – Appendix H of ASME Boiler & Pressure Vessel Code[20], which 
was used as a guide, not as a strict requirement, when designing to prevent rupture, “the 
designer should avoid creating weak sections in the vessel at which strain can be 
concentrated”. Examples of stress and strain concentration points include partial-
penetration welds, large openings, and sharp internal corners that are subjected to 
pressure loads.  
4.2 System Considerations 
In addition to the system requirements and constraints listed in System 
Constraints, considerations were taken to improve the ease of access of the chamber as 
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well as the adaptability of the system. These considerations provided many challenges, 
but a majority of them were implemented successfully.  
The basic design of the original FIT chamber is shown in Figure 10.  
 
Figure 10: Schematic of FIT combustion chamber components 
1. Chamber accessibility – the original FIT chamber features three 
components that are welded together; the combustion chamber top, the 
combustion chamber middle, and the combustion chamber bottom. Instead 
of this approach, it was desired to create a pressure vessel with an easily 
accessible body. This access is important to allow for cleaning of the inner 
surface of the chamber, access to diagnostic equipment, and a visual of 
combustion products within the chamber.  
2. Chamber adaptability – by eliminating the welded components from the 
original chamber, it allows for the pressure vessel to be redesigned without 
having to remanufacture the entire assembly. For example, if the assembly 
were comprised of three components attached by bolts, then one part of 
the assembly could be modified while the other two components remain 
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the same. Future modifications were anticipated based on the addition of 
new fuel injectors, new diagnostic equipment, or new entry ports.  
 
Figure 11: Exploded, center cut view of three-part bolted chamber 
The proposed design model for the prototype chamber is pictured in Figure 11. As 
can be seen, this design allows for access to the center of the chamber. It also eliminates 
the risk of strain concentration due to penetrating welds. Additionally, the internal 
corners indicated in Figure 11 will be rounded to reduce stress concentrations at these 
locations. Dimensions and detailed features for these parts can be found in the appendix. 
4.3 Diagnostic Equipment 
4.3.1 Diagnostic Instrumentation 
The redesigned FIT chamber had to be able to accommodate several pieces of 
diagnostic equipment. A complete list is shown in Table 4.  
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Table 4 Diagnostic equipment within the redesigned FIT 
Component Purpose Location 
Pressure Transducer Measures the dynamic pressure within the chamber during experiments Bottom flange 
Coolant thermocouple Measures coolant temperature within the cooling block Cooling block 
Top thermocouple Measures the temperature near the top wall of the chamber Top flange 
Center thermocouple Measures the gas temperature within the chamber 
Bottom flange entry 
point 
Bottom thermocouple Measures the gas temperature near the bottom wall of the chamber Bottom flange 
Wall thermocouple Measures the gas temperature near the wall in the center of the chamber 
Bottom flange entry 
point 
To accommodate these instruments, tapped holes with flared ends needed to be 
installed. It was required that these ports of entry allowed the instrument fittings to seal 
with the surface of the stainless-steel chamber and maintain that seal at elevated 
temperatures and pressures, as well as during the rapid increase in chamber pressure 
during the ignition events during experiments. To achieve this, 37° flared fittings and 
threads were specified. For the thermocouples, the threads specified were 7/16”-20 UNF 
with a JIC 37° flared fitting. Detailed drawings of the fittings ports and the chamber 
components can be found in the appendix. 
4.3.2 Data Acquisition 
The data acquisition system for the prototype is comprised of several components. 
The core of the system is the National Instruments USB-6351 X Series DaQ. The USB 
6351 has 16 analog inputs, 24 digital input/outputs, and 2 analog outputs. The DaQ is 
powered by 120 Volts AC. The diagnostic equipment and some of the physical elements 
32 
 
 
 
of the system, such as the Tempco heaters and the solenoid actuated on/off valves, are all 
connected to the DaQ. Additionally, the equipment in Table 5 is implemented in the data 
acquisition and control system. 
Table 5 Data acquisition equipment in the prototype experimental setup 
Component Purpose 
Solid-State Relays (240 VAC) Switches power from wall outlet to electrical 
heaters 
Solid-State Relays (15 VDC) Switches signal from DaQ to solenoids to allow 
air intake or exhaust 
Power Supply (120 VAC to 15 VDC) Provides DC power to solenoids 
Signal Conditioners Conditions the signal from the thermocouples 
Circuit Board Provides voltage signal from line pressure 
transducer (output is current) 
The NI USB-6351 X Series DaQ is connected to a computer via USB cable and 
interfaced with through a LabVIEW 2017 virtual instrument (VI). The DaQ samples data 
at a given sample rate and records chamber temperature (top, bottom, and center), 
chamber static pressure, and chamber dynamic pressure during ignition events. The DaQ 
also sends signals to the solid-state relays used for the solenoid actuated on/off valves and 
the power sources to the electrical heaters. The wiring diagram for the electrical heater 
relay system is depicted in Figure 12.  
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Figure 12 Wiring diagram for solid state relay connected to electric resistance heaters and 
240 VAC power supply 
 For this experimental setup, the static pressure sensor outputs amperage and 
requires a simple circuit to convert the amperage to a readable voltage. A wiring diagram 
for the static pressure sensor is shown in Figure 13. 
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Figure 13 Wiring diagram for in-line static pressure transducer 
The DaQ system is coupled with the fuel injector control system, outlined in the 
next section. 
4.3.3 Fuel Injector Control 
The fuel injector is controlled by a National Instruments Direct Injector Driver 
(DID) system with a Software Calibration Management (SCM) 2015 user interface. The 
DID system consists of a cRIO integrated controller and chassis, a cRIO digital input 
module, and a power supply that provides the voltage to activate the injector. For proper 
usage of the injector, the SCM system implements a current trace specific to the fuel 
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injector. The current trace, provided by Exergy Engineering, for the Bosch LB7 injector 
is shown in Figure 14.  
 
Figure 14 Current and voltage traces for the Bosch LB7 solenoid fuel injector 
The DID system sends a pulse following the current trace to the injector and the 
solenoid responds accordingly. The SCM interface allows the operator to alter the 
injection pulse width, and the number of pulses. The SCM and DID system are setup in 
conjunction with the data acquisition system for the experimental setup, which allows for 
fuel injection to be triggered based on environmental conditions.  
4.4 Components of Re-Designed FIT 
The re-designed FIT 3D SolidWorks model is shown below in Figure 15. 
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Figure 15 Redesigned FIT Model 
As can be seen in the figure above, the re-design was able to incorporate the 
system constraints, requirements, and required diagnostic equipment mentioned in the 
previous sections. The top and bottom flanges are able to be unbolted from the larger 
assembly, providing access to the center of the chamber. Additionally, the chamber itself 
is bolted to the test bench via a ring and threaded rod assembly. This assembly provides 
easy installation of the chamber as it allows the user to set the chamber on the mounting 
ring, which has already been attached to the table by the threaded rods, where it can rest 
while the bolts that attach the bottom flange to the mounting ring are installed. This 
eliminates the need for the operator to support the weight of the chamber during 
installation. 
This portion of the completed test stand includes the following components: 
• Top flange 
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o Houses a thermocouple and the sealing location for the cooling 
block. The top flange seals to the central body of the chamber via a 
stainless-steel c-ring and the force of the six bolts around the edge 
of the flange.  
• Cooling block 
o The cooling block contains the coolant that keeps the fuel injector 
at an operable temperature as well as the fuel injector itself. 
• Fuel injector 
o The shoulder of the fuel injector provides the seal between the 
coolant in the cooling block and the center of the chamber via 
force applied to the top of the fuel injector, which crushes a copper 
crush washer, located in the neck on the top flange. 
• Central body 
o The central body contains the gas used in the experiments. The 
central body seals to the top and bottom flanges through stainless-
steel c-rings and sufficient clamping force. 
• Bottom flange 
o The bottom flange contains the pressure transducer, three 
thermocouples, the air intake port, and the exhaust port. The 
bottom flange connects to the central body as well as the mounting 
ring via stainless-steel bolts. 
• Mounting ring 
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o The mounting ring supports the entire chamber assembly. The ring 
is constructed from steel that has been oxidized to prevent rust 
from forming. The ring contains 12 bolt holes; 4 of the bolts attach 
the mounting ring to the test bench, 8 of the bolts attach the 
mounting ring to the bottom flange of the chamber.  
4.4.1 Mechanical components of extensive testing set-up 
The prototype chamber is part of a larger testing assembly. The extensive testing 
assembly contains several mechanical components that comprise the air supply, the 
exhaust system, the fuel delivery system, the protective cage assembly, and the custom 
workbench which provides the foundation for the entire testing system. 
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Figure 16 Custom workbench, prototype chamber, mounting assembly, and the protective 
enclosure which makeup parts of the extensive prototype testing assembly 
The workbench was designed with the help of and produced by Formaspace. The 
top of the table is made from epoxy resin, which has a low thermal conductivity. Low 
thermal conductivity is desired to reduce the risk of the operator burning themselves on 
the workbench surface during testing, as heat will be conducted from the metal mounting 
assembly to the workbench. 
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Figure 17 View of prototype assembly attached to the mounting ring and mounted to the 
custom workbench. Heaters have been installed in this image. 
The protective cage was designed and assembled at Marquette University in the 
Engine Observation Lab to provide some protection between the testing equipment and 
the operator. The cage is constructed from aluminum 80-20, purchased from McMaster-
Carr, and polycarbonate sheet, purchased from Midland Plastics in New Berlin, WI. The 
cage has three stationary walls on the left, right, and back sides of the cage. The top of 
the structure is open to accommodate the fuel line and coolant circulator lines. The front 
wall of the cage is a door with hinges and a fastener. This front door was designed to be a 
weak point in the cage and to allow the operator access to the chamber without having to 
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remove the entire protective structure assembly. The protective structure assembly 
attaches to the surface of the workbench via 80-20 fasteners, providing stability.  
 
Figure 18 Protective enclosure surrounding prototype combustion chamber  
The air intake system consists of a compressed air tank filled with medical grade 
air from Aero Compressed Gases in West Allis, WI, a single-stage regulator, a high-
pressure gas hose, and a solenoid actuated on/off valve, all purchased from McMaster-
Carr. The exhaust system contains high pressure hose and a solenoid actuated on/off 
valve from McMaster-Carr, silicone tubing, and the exhaust vent system built by 
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Marquette University in the Engine Observation Lab. These actuated on/off valves are 
controlled by the user-operated LabVIEW VI in conjunction with the NI USB data 
acquisition (DaQ) system via DC output signals. The solenoids are normally closed and 
open when they receive a signal.  
Custom heaters were designed and manufactured by Tempco in Wood Dale, IL. 
These resistance band heaters were designed to fit the three-flange design of the 
combustion chamber. The heaters are controlled by the LabVIEW VI system in 
conjunction with the NI USB DaQ and steady-state relay switches connected to 240-volt 
AC power. The heaters are ceramic band heaters surrounded by insulation and a stainless-
steel shell. Each of the three heaters is able to be set to a temperature setpoint and 
controlled independently of the other two heaters.  
The fuel delivery system is comprised of the Bosch LB7 injector and the high-
pressure fuel delivery cart provided by Exergy Engineering LLC. The high-pressure fuel 
delivery cart contains an air tank, which is provided with air by the building supply in the 
lab at Marquette University, an air compressor, a fuel tank with exit and return ports, and 
a hydraulic pump, which allows the system to reach the desired 20,000 psi fuel pressure. 
Together, these components and the prototype combustion chamber will be used 
to conduct experiments in the lab at Marquette University. These experiments aim to 
explore the system sensitivities to physical parameters. The experiments require the 
validation of the testing setup and parameter optimization.  
4.5 Experimental Procedure 
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The following experimental procedure is proposed for the de-designed prototype 
FIT. The goal of the experimental procedure is to consistently, reliably, and accurately 
capture the autoignition of an air-fuel mixture in the apparatus. The experimental 
procedure outlines the control system, which is connected to the mechanical components 
and diagnostic equipment, as well as the overall procedure.  
1. Fill fuel tank with fuel  
§ If previously full, rinse tank with new fuel before filling 
2. Ensure all connections are tight and secure 
§ Air intake line 
§ Air exhaust line 
§ Fuel intake line 
§ Fuel return line 
§ All diagnostic equipment 
§ Coolant circulator lines 
3. Ensure power supply from wall is active and wires are secure 
4. Make sure test area is clear of objects that are heat-sensitive 
5. Close protective cage 
6. Ensure DaQ and DID system are connected to controlling computer 
7. Initiate LabVIEW VI 
8. Initiate heater control 
§ Set top temperature 
§ Set bottom temperature 
§ Set center temperature 
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2. Monitor temperature until center temperature requirements are met 
§ T< (Tset-0.5°C) for a given amount of time 
3. Open intake solenoid actuated on/off valve to fill the chamber with 
pressurized air 
§ Hold open until temperature requirements are met for a given 
amount of time 
4. Close intake valve to isolate the air supply and line pressure transducer 
5. Inject fuel 
6. Record pressure during ignition event 
7. Hold open intake and exhaust valves for a given amount of time to “flush” 
the system and rid the chamber of excess fuel and combustion products 
8. Reinitiate heater control 
9. Continue cycle until testing is complete 
 
Certain parameters within the LabVIEW VI are tunable, allowing the system to 
adapt based on testing needs. 
Table 6 LabVIEW VI tunable parameters 
Tunable Parameter Tuning Range 
Top Temperature 20-600°C 
Center Temperature 20-650°C 
Bottom Temperature 20-600°C 
Temperature Requirement Tset-(0.0-5.0°C) 
Temperature Hold Time 0-60 s 
Fuel Injection Pulse Width 0-5 ms 
Number of Pulses  
Fuel Injection Voltage 0-135 V 
PID Control Variables  
Heater Power 0-1.0  
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These parameters will allow the user to alter the testing conditions to evaluate 
their effects on ignition measurements.  
5 EXPERIMENTAL RESULTS 
5.1 Stage 1 – FIT Results 
Testing was conducted on-site at Waukesha CFR with an original, unmodified 
FIT device. Testing procedure followed ASTM D7170 and all tests were conducted with 
n-heptane. As stated in ASTM D7170, the calibration results for n-heptane under the 
conditions given in Table 1 must be within the range of 3.15 + 0.02 ms for ignition delay. 
The results from one of the calibration tests are summarized in Figure 20 and are 
displayed in Figure 19.  
Per ASTM D7170, these results are not within the accepted values and the device 
was deemed unfit for testing. Several tests were conducted, each with 25 injections, and 
the same conclusion was drawn each time. The data helped identify areas of improvement 
in the design of the modified and prototype chambers. It is important to note that the 
initial pressure for these experiments was 24 bar and the pressure increase was ~8 bar for 
each injection. Additionally, the pressure traces clearly demonstrate single-stage ignition 
and a diffusion burning characteristic. This behavior is based on the physical 
thermodynamic properties of the system and the chemical behavior is not represented in 
these results. 
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Figure 19 n-heptane calibration results in original FIT 
 
Figure 20 Summary of important results from n-heptane calibration in original FIT 
From these results, and results over the course of several days, correlation 
analysis was done to determine which parameters most influenced the ignition delay time 
for each injection. A summary of this analysis is below in Table 7. From this study, it was 
determined that the maximum rate of change of the pressure was the most strongly 
correlated variable to the ignition delay time. Additionally, the air temperature was 
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closely related to the maximum pressure, implying that air temperature would be 
influential in future iterations of the combustion chamber. The data used for the 
correlation analysis is shown in Table 8. From these results, it was found that the 
standard deviation for the maximum rate of change of pressure between the tests was 
0.651 bar/s, a 12% standard deviation from the mean value. This was found to be 
significant since the percent standard deviation compared to mean values for the other 
quantities averaged 3%.  
Table 7 Correlation analysis results 
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Table 8 Data summary for calibration tests used in correlation analysis 
Ignition 
Delay (ms) 
Charge 
Pressure 
(bar) 
Pressure 
Rise (bar) 
Max 
Pressure 
(bar) 
Air 
Temp 
(°C) 
Wall 
Temp 
(°C) 
Inj 
Period 
(ms) 
Max Rate 
of 
Change 
(bar/s) 
3.67 23.98 8.87 32.85 545.3 586.1 4.95 6 
3.83 23.91 3.04 26.95 547.6 584.4 4.95 4.8 
3.66 24 8.82 32.82 545.5 583.6 5 6 
3.55 23.95 8.91 32.86 546 583.6 5 5 
3.71 23.95 8.87 32.82 547.2 584.4 5 5 
3.54 23.91 8.68 32.59 545.9 584 4.9 5 
3.53 23.95 8.89 32.84 547.6 584.4 4.95 5.8 
3.53 23.92 8.86 32.78 547.2 585.1 4.95 4 
3.77 23.98 8.92 32.9 548.4 584.9 4.95 5 
3.83 24.01 8.89 32.9 549.1 584.6 5 5 
3.51 23.95 8.84 32.79 547.6 584.6 5.05 5 
3.85 24.01 8.96 32.97 544.5 584.9 4.95 5 
3.45 23.94 9.02 32.96 546.6 585.3 5 6.8 
3.54 24 8.94 32.94 548.6 585.3 5 5.6 
3.58 24.01 8.89 32.9 548.4 585.3 5 5.8 
3.51 21.01 8.89 29.9 545.5 584.8 5.05 6 
3.66 23.96 8.9 32.86 545.7 584.2 5 6 
3.59 24.05 8.87 32.92 547.6 584.8 4.95 6 
3.97 24 8.86 32.86 545.3 584.6 5 5 
3.68 23.96 8.89 32.85 549.3 585.1 5 6 
Results from all of the calibration tests conducted on-site at Waukesha CFR can 
be found in the appendix.   
5.2 Stage 2 – Modified FIT Results 
Experiments were then conducted in the original FIT chamber with a new fuel 
injector and a new fuel pump, allowing for an increase in fuel pressure. As previously 
stated, increased fuel pressure was desired to increase droplet breakup, which allows for 
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better air-fuel mixing. This increase in mixing is predicted to provide better insight into 
the chemical properties of the fuels being tested through the pressure results. The tests in 
the modified FIT sought to compare this increase in fuel pressure to the lower fuel 
pressure of the original FIT in terms of ignition behavior and experimental repeatability. 
 
Figure 21 Modified FIT test stand 
 The FIT chamber was removed from the stainless-steel casing and the data 
acquisition and control system were replaced with a National Instruments USB DaQ and 
a LabVIEW VI. The fuel pump was replaced with a high-pressure hydraulic fuel cart 
from Exergy Engineering. Details for the fuel pump can be found in the manufacturer’s 
manual.  
50 
 
 
 
 
Figure 22 Modified FIT testing system schematic 
 The goal of the experiments in the modified FIT was to evaluate the effect of 
increased fuel pressure on the repeatability and reliability of the ignition delay results. 
Experiments were conducted at the following initial pressures, injection duration lengths, 
and initial wall temperatures.  
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Table 9 Testing conditions in modified FIT 
Initial Pressure (bar) Wall Temperature (°C) Injection Duration (ms) 
14 475 0.75 
14 475 0.80 
14 475 0.85 
14 475 0.90 
14 500 0.75 
14 500 0.80 
14 500 0.85 
14 500 0.90 
14 525 0.75 
14 525 0.80 
14 525 0.85 
14 525 0.90 
12 600 0.8 
 
 
Figure 23 Results from modified FIT testing for various fuel injection durations at 475°C 
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At 475°C, it was very apparent that stable results were not achievable. The results 
were inconsistent and showed no useful trend with changing injection duration. All test 
cases displayed two-stage ignition behavior, which was likely due to the low temperature 
and pressure conditions. At these low temperatures and pressures, however, mixing was 
likely inconsistent, which could be the cause of the data discrepancies.  
 
Figure 24 Results from modified FIT testing for various fuel injection durations at 500°C 
The increase from 475°C to 500°C drastically improved the repeatability of 
results overall. With a fuel injection duration of 0.75 ms there was still a large spread 
between the datasets, likely due to the small amount of injected fuel. Again, all datasets 
showed clear two-stage ignition behavior. The increase in fuel injection duration led to 
slightly higher pressure rises, but overall did not drastically affect ignition delay times. 
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These conditions were deemed relatively stable for the modified FIT apparatus, however 
higher testing temperatures were desired.  
 
Figure 25 Results from modified FIT testing for various fuel injection durations at 525°C 
 The increase from 500°C to 525°C led to more variation in the datasets while 
maintaining the pressure rise values and two-stage ignition behavior. The change in 
repeatability as the fuel mass increased was thought to be caused by the increase in liquid 
fuel. More liquid fuel requires more energy to evaporate and could be less consistent with 
evaporation and burning, especially if the fuel is hitting the chamber wall, as was 
suspected. 
From this stage of experimentation, it was concluded that fuel injection duration 
and initial temperature are critical in increasing the repeatability of the pressure results. It 
was also concluded that the relatively consistent pressure-rise and ignition delay results 
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observed at all temperatures and fuel injection durations was likely due to the vapor and 
spray penetration of the fuel spray on the chamber wall. This impingement caused the 
minor changes in fuel injection duration to become less influential, as some of the spray 
was not vaporizing in the chamber during each test. To eliminate these effects, the 
prototype chamber was assembled and implemented.  
5.3 Stage 3 – Prototype Chamber  
Experiments were conducted in the prototype chamber described previously in 
this thesis. The experiments sought to explore the influences of minor changes in the 
testing environment on the ignition delay results using different fuels. The goal of these 
experiments was to find conditions that reduced the standard deviation of the ignition 
delays. The test matrix for these stage 3 experiments is tabulated in Table 10. 
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Table 10 Stage 3 experiments text matrix 
 
U fuel has a cetane number of approximately 24, which the CN 50.1 is a blend of 
T and U fuel with a cetane number of 50.1. It was expected that these fuels would have 
different ignition properties and that it would be more difficult to achieve repeatable 
results with the lower cetane number fuel due to its lower volatility.  
The U fuel experiment results are useful to examine the influence of initial 
pressure and temperature. The results from these experiments are presented in Figure 26, 
Figure 27, and Figure 28.  
10
16
10
16
16
10
16
20
10
16
20
10
16
20
CN 50.1
Pressure 
(bar)
Injection 
Duration 
(ms)
1.35
0.8
6501.0
1.35
Temp        
(°C)
U fuel
550
600
650
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Figure 26 Experimental results for U Fuel at 550°C low and mid pressures with an 
injection duration of 1.35 ms 
 
Figure 27 Experimental results for U Fuel at 600°C low and mid pressures with an 
injection duration of 1.35 ms 
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Figure 28 Experimental results for U Fuel at 650°C high pressure with an injection 
duration of 1.35 ms 
The ignition delay values were measured using four criteria. 
1. 𝜏< is the time after the start of injection at which the pressure surpasses the 
initial pressure by 0.2 bar. 
2. 𝜏A is the time after the start of injection at which the pressure surpasses the 
initial pressure by 1.0 bar. 
3. 𝜏B is the time after the start of injection at which the pressure surpasses the 
initial pressure by 1.5 bar. 
4. 𝜏C is the time after the start of injection at which the maximum rate of 
change of the pressure with respect to time occurs. 
The ignition delay results for the U Fuel experiments are tabulated in Table 11. 
The percentage values noted are the values of the standard deviations for each condition 
divided by the mean values for each condition. It was found that this metric was not 
strongly sensitive to the chosen metric for ignition delay. It was also found that this 
metric is somewhat sensitive to temperature and pressure conditions. Generally, a 
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reduction in the standard deviation relative to the mean (𝜎/𝜇) was observed with 
increasing temperature and pressure. This was likely due to the reduction in two-stage 
ignition behavior caused by the increase in influence by the physical properties of the 
mixture. These increases in physical influences decrease the influences of the chemical 
properties of the fuel and would ultimately lead to single-stage ignition behavior.  
Table 11 Ignition delay results for U Fuel experiments in prototype chamber 
 
The experimental results for the CN 50.1 fuel are shown in Figure 29.  
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Figure 29 Summary of CN 50.1 fuel experimental results over a range of injection 
durations and initial pressures at 650°C 
 The ignition delay results for the 1.0 ms fuel injection cases, which follow the 
same metrics as the U Fuel results, are tabulated in Table 12. 
Table 12 Ignition delay results for CN 50.1 at 650°C 
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 Once again, the 𝜎/𝜇 values were relatively insensitive to the choice of metric. A 
significant reduction in ignition delay was observed from 10 bar to 20 bar cases, which 
supports the conclusion that an increase in pressure leads to a reduction in chemical 
mixing influence as the physical properties of the system control the ignition process. 
Overall, the 𝜎/𝜇 values were lower than those of the U Fuel experiments, which 
reaffirmed the hypothesis that repeatability would be harder to achieve with lower CN 
fuels. It is also predicted that this would hold true for fuels much higher in CN than 50.1.  
 Temperature was recorded during each test and some temperature results are 
shown in Figure 31. The thermocouple locations for these measurements are shown in 
Figure 30. The slight dips in each curve were times of experiments. The temperature in 
the chamber lowered as the fuel was injected in the chamber and during the venting 
process after each experiment. The chamber temperature also dropped as the air was 
brought into the chamber before injection. Temperature was not recorded during the 
ignition events due to sampling rate discrepancies since the dynamic pressure transducer 
sampled at a much higher rate. 
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Figure 30 Thermocouple locations within the prototype chamber 
 
Figure 31 Temperature recordings from 4 thermocouples for a set of experiments with a 
wall temperature of 625°C 
The temperature differences between the locations in the chamber were caused by 
a lack of insulation on the top and bottom surfaces of the chamber. These temperature 
differences likely led to differences in the combustion process of the test fuels. Most 
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notably, these temperature differences probably influenced the mixing behavior of the 
air-fuel mixtures. Slight changes in these mixing processes would have led to slightly 
different ignition delay times since local temperature was very influential on intermediate 
reactions. 
Simulations were then conducted to further explore these sensitivities to 
temperature gradients and fuel masses. 
6 SIMULATION SET-UP 
In conjunction with experimental results, simulations are to be run to evaluate the 
effects of physical characteristics of an experiment on the ignition delay of n-dodecane. 
The selection of n-dodecane was deemed reasonable because it is a well-defined, well-
understood diesel surrogate that is often used in studies.  The simulations are to be 
conducted in an environment that closely resembles the experimental setup with the goal 
of furthering development of the CVCC to increase the reliability of results and the 
insensitivity of the equipment to changes. Specifically, these simulations seek to 
determine the effects of temperature uniformity and chamber geometry influence the 
system’s sensitivity to changes in injected fuel mass. The temperature conditions 
influence the spray breakup, which influences the fuel/air mixing, which ultimately 
affects the chemical reactions that lead to ignition. The fuel mass dictates the amount of 
energy required to evaporate the fuel as well as the energy release from the ignition 
reactions. The simulation work aims to explore minor changes in injected fuel mass and 
the subsequent effects on the ignition response. Additionally, the chamber geometry 
effects are explored to determine the impact of vapor impingement of the fuel spray on 
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the ignition delay times of n-dodecane at the specified temperature conditions. 
Ultimately, these simulation results will be used to minimize the system sensitivity to 
changes in injected fuel mass.  
6.1 Simulation Mechanics 
6.1.1 Steady-State Modeling Mechanics 
 A steady-state solver is employed to find the equilibrium state of heat 
transfer within the combustion chamber. The equations are assumed to be steady due to 
the properties of the gas no longer changing with time, only with space. CONVERGE 
contains three steady-state solvers; one pressure-based and two density-based. For the 
needs of this study, a pressure-based steady-state solver is appropriate.  
In transient calculations, the transport equation for any given transported quantity 
(denoted 𝜙) is given as  
HIJHK + HILMJHNM = HHNM ;𝜌𝐷 HJHNM? + 𝑆   (3) 
Where S is a source term, utilized when applicable. In a steady-state calculation, 
time-dependence of the transported variable is assumed to be zero. Therefore, the 
transport equation can be re-written as 
HILMJHNM = HHNM ;𝜌𝐷 HJHNM? + 𝑆	    (4) 
Solving the transport equations without time-dependence improves the rate of 
convergence of the numerical solver significantly. The transport equations are solved a 
given number of times, specified by the user, for a given number of cycles, also specified 
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by the user. These equations are solved until convergence or the maximum number of 
cycles is reached.  
In a pressure-based steady-state solver, the density transport equation is not 
directly solved. Instead, mass conservation is maintained through the solution of the 
pressure transport equation. The pressure-based steady solver is still applicable in 
compressible flow simulations because the density is based on the equation of state, 
which relies on the pressure calculations. For the simulations in this study, the equation 
of state for the gas is based on the Redlich-Kwong model.  𝑃 = RSTUV0 − W√STU(TUZ0)    (5) 𝑎 = <\; √A] V<? R^S_^ .`a_      (6) 
𝑏 = √A] V<B RS_a_ 	      (7) 
Table 13 Equation of State Variable Descriptions 
Variable Description 
P Gas pressure 
R Gas constant 
T Temperature 𝑉d Molar volume ;T.? 
a Correction constant 
b Correction constant 𝑇f Critical Temperature 𝑃f Critical Pressure 
Thermodynamic data for each species is provided and used to calculate 
thermodynamic properties of the species in the simulation. Further information can be 
found in the Converge 2.2.0 Studio Manual[21].  
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6.1.2 Turbulence Modeling Mechanics 
The Navier-Stokes equations are computationally expensive to solve using an 
exact solver. To do so would require all values to be solved throughout the entire time 
and space domains at all length scales. Typically, to resolve this problem, simpler forms 
of the equations are solved. For this study, Reynolds Averaged Navier-Stokes (RANS) 
modeling of the transport equations is appropriate. RANS equations are time-averaged, 
which reduces the number of computations required because the solutions do not have to 
be resolved throughout the entire time domain. The conservation equations for mass and 
momentum are given, respectively, as  
HIgHK + HIgLhiHNj = 0      (8) HIg	LkiHK + HIgLkiLhiHNj = − HalHNM + HHNj m𝜇 nHLkiHNj + HLhiHNMo − AB 𝜇 HLpiHNp 𝛿,rs + HHNj *−?̅?𝑢vw𝑢xwy /  (9) 
Where ~ indicates Favre averaging, as defined by 𝑢vz ≡ ILklllllIg       (10) 
And – accents indicate the time averaged values, calculated by: 𝑓(𝑥)llllll = <S^ VS~ 	∫ 𝑓(𝑥, 𝑡)𝑑𝑡S^S~     (11) 
And the mean fluctuations can be calculated by  𝑓w(𝑥)lllllll = <S^ VS~ ∫ *𝑓(𝑥, 𝑡) − 𝑓(𝑥)llllll/𝑑𝑡S^S~    (12) 
 For this study, turbulent statistics are not enabled. In these simulations, the 
turbulent spray wall interactions are set to rebound or slide. 
The final term of the momentum equation, the Reynolds stress term (𝜏,r), 
presents a closure issue for the system of equations. The superscripts indicate fluctuation 
values, which are unknown. In order to close the system of equations, the fluctuations are 
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predicted through a Renormalization group (RNG) 𝑘 − 𝜖 closure model. The model 
constants for this model may be tuned. 
For the RNG 𝑘 − 𝜖 model, the following equations are given [21]. 𝜏,r = 2𝜇K𝑆,r − AB 𝛿,r ;𝜌𝑘 + 𝜇K HLkiHNM?	    (13) 𝜇K = 𝑐𝜌 ^       (14) 𝑘 = <A 𝑢vw𝑢vwy       (15) 𝑆,r = <A	nHLkiHNj + HLhiHNMo             (16) 
Where 𝜇K is the turbulent viscosity, k is defined by the stress tensor, 𝜀 is the 
dissipation of turbulent kinetic energy, and 𝑆,r is the mean strain rate tensor. To obtain 
the turbulent viscosity, additional transport equations must be solved; one for the 
dissipation and one for the turbulent kinetic energy. 
HIHK + HILMHNM = 𝜏,r HLMHNj + HHNj ap HHNj − 𝜌𝜀 + f<. 𝑆  (17) HIHK + H(ILM)HNM = HHNj n a HHNjo + 𝑐B𝜌𝜀 HLMHNM + n𝑐< HLMHNj 𝜏,r − 𝑐A𝜌𝜀 + 𝑐𝑆o  + 𝑆 − 𝜌𝑅 (18) 
Where S is the source term, Ss is the source term from the discrete spray, and R is 
given as, 
𝑅 = ];<V ?<Z] ^       (19) 𝜂 =  𝑆,r =  2𝑆,r𝑆,r     (20) 
For this study, the model constants are given in   
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Table 16. 
RANS equations are advantageous for this study compared to large eddy 
simulations (LES) because LES simulations are significantly more computationally 
expensive. LES predicts the ignition delay marginally better at a given condition, but the 
computation time is on the order of ten times the computational time of an equivalent 
RANS simulation[3], making LES impractical for the scope of this study. 
6.1.3 Combustion Modeling Mechanics 
CONVERGE Studio uses the SAGE transient chemistry solver in conjunction 
with the modified version of the KIVA-3V solver developed by Senecal et. al [22]. 
Additionally, fuel injection and spray breakup are modeled using the Kelvin-Helmholtz 
and Rayleigh-Taylor mechanisms (KH-RT). This approach allows for the implementation 
of any chemical mechanism file. The SAGE chemistry solver utilizes the chemical 
mechanism to calculate the reaction rates for each elementary reaction in conjunction 
with the CFD solved transport equations. Some relevant equations are provided below. 
Table 14 Combustion modeling variables 
Variable Description 𝑞, Rate of progress variable for ith reaction 
J Number of chemical species in reaction i 𝜈r,w  Forward stoichiometric coefficient for species k in reaction i 𝜈r,ww Reverse stoichiometric coefficient for species k in reaction i 𝑘, Forward rate constant 𝑘, Reverse rate constant 
[Xj] Molar concentration of species j 
The net production rate of species j is calculated by: 
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?̇?r = ∑ 𝜈r,𝑞,=, < 	𝑓𝑜𝑟	𝑗 = 1,2, … 𝐽   (21) 
With  𝜈r, = 𝜈r,ww − 𝜈r,w      (22) 
And qi is the rate of progress variable given by: 𝑞, = 𝑘, ∏ §𝑋r©ªjM«¬r < − 𝑘, ∏ §𝑋r©ªjM««¬r ,    (23) 
The forward reaction rate is given by: 
𝑘, = 𝐴,𝑇0M𝑒V ¯M°±²    (24) 
The reverse reaction rate is given by 𝑘, = ³M´_M,     (25) 
 where 𝐾f, is the equilibrium constant determined from the thermodynamic 
properties of the reaction, Ai is the pre-exponential factor, bi is the temperature exponent, 
Ei is the activation energy, and Ru is the universal gas constant. The equations above are 
utilized to solve the governing transport equations for mass and energy for each chemical 
species.  
Solving detailed chemistry equations, particularly for combustion cases, is 
computationally expensive. To reduce the computation time in CONVERGE, the SAGE 
solver is coupled with KIVA-3V using a message-passing interface (MPI), which allows 
for chemistry to be solved on multiple, parallel CPUs separately from the processor used 
to solve the fluid transport equations. This is achieved by detailed chemistry only being 
applied in cells that meet a temperature cutoff criterion. 
6.2 Simulation Overview 
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Due to the nonuniform heating of the chamber caused by having uninsulated top 
and bottom surfaces, it is assumed that temperature inhomogeneities occur within the 
combustion chamber. It is further hypothesized that these temperature inhomogeneities 
will influence the ignition delay results. To determine the impact of these effects, 
simulation conditions were chosen to compare uniform temperature conditions and 
stratified temperature conditions. Additionally, it is desired to determine if the chamber 
inner diameter is sufficiently large to avoid significant changes due to vapor and liquid 
impingement on the walls. Finally, it is desired to determine the effect of fuel mass on the 
ignition delay.  
As with the experiments, the simulations are setup in stages – (1) temperature 
field simulations with no spray, and (2) reactive spray simulations which also utilize the 
temperature field results. The simulations are implemented in this order and form to 
allow for the implementation of the temperature field from the first set of simulations in 
the spray simulations to better visualize the potential effects of the inhomogeneities.  
The two selected geometries were implemented for each of the simulation stages. 
The first geometry is selected to match the dimensions of the proposed prototype of the 
combustion chamber. The second geometry is selected to have a larger inner radius than 
that of the first geometry while maintaining the same volume. The radius for the second 
geometry is chosen to be sufficiently large enough to avoid vapor impingement of the 
fuel spray on the chamber wall. Figure 32 displays an example of the difference in vapor 
behavior between the first geometry condition and the second geometry condition. As can 
be seen, there is clear evidence of vapor hitting and then bouncing off the chamber wall 
in the smaller radius chamber. In the larger radius chamber, there is no evidence of the 
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vapor impinging upon the chamber wall. This increase in radius will allow for a 
comparison between an environment with impingement and one without.  
 
Figure 32 Vapor impingement in the first geometry environment compared to lack of 
vapor impingement in the second geometry environment  
A wedge approach is appropriate for the simulations due to the axisymmetric 
nature of the cylindrical chamber and the six-hole pattern of the fuel injector. 
Additionally, this approach reduces computational cost. A wedge can be formed from the 
cylindrical geometry with a 60° sweep, allowing for one sixth of the chamber geometry 
to be represented.  
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Figure 33 Simulation wedge geometries; left image is geometry one, right image is 
geometry two 
Table 15 Geometry comparison for simulations 
 Chamber 1 Chamber 2 
Radius 1.5 in 2.125 in 
Height 6.0 in 2.989 in 
Volume 42.41 in3 42.41 in3 
 
The test matrix for the proposed simulations is given below in   
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Table 16. 
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Table 16 Simulation test matrix for reactive spray tests  
  Geometry 1 Geometry 2 
Mass 1 
Temp 1 Temp 1 
Temp 2 Temp 2 
Uniform Uniform 
Mass 2 
Temp 1 Temp 1 
Temp 2 Temp 2  
Uniform Uniform 
 Where the temperature conditions are given in Table 17. 
Table 17 Temperature profile values 
 
6.2.1 Stage 1: Temperature field simulations 
The initial temperature field simulations are constrained to the conditions 
tabulated in   
Side Wall 
Temperature (K)
Top Wall 
Temperature (K)
Bottom Wall 
Temperature (K)
Temp 1 923 773 773
Temp 2 923 823 823
Uniform 923 923 923
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Table 18, which are based on predicted testing conditions for the proposed 
experimental apparatus and the experimental results from the prototype chamber. As can 
be seen in Figure 31, there is a significant difference in the side wall temperatures and the 
top and bottom wall temperatures in the experimental apparatus. The effects of these 
temperature differences will be explored in the simulations.  
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Table 18 Temperature Simulation Boundary Conditions 
Geometry Side Wall Temperature (K) 
Top Wall 
Temperature (K) 
Bottom Wall 
Temperature (K) 
1 923 923 923 
1 923 823 823 
1 923 773 773 
2 923 923 923 
2 923 823 823 
2 923 773 773 
 
The chamber is divided into 4 distinctive regions; the top wall, the bottom wall, 
the side wall, and the internal area, which does not act as a wall. The top, bottom, and 
side walls are represented as solid wall boundaries. Each wall is assigned the no-slip 
boundary condition and a specified value for wall temperature is employed to simulate 
the presence of the heaters from the experimental setup. The faces of the internal area are 
designated to be matching periodic boundaries, allowing materials and temperature 
effects to pass through the surfaces. The periodic boundary initial temperatures are 
determined by the initial temperature of the gas in the chamber. It is assumed that the top, 
side, and bottom walls are uniform in temperature and have reached steady state at the 
beginning of the simulation.  
 For all temperature field simulations, the following are applied:  
Table 19: Simulation Variables 
Variable Value Units 
Gravity (-z direction) 9.81 𝑚𝑠A 
Air Pressure (initial) 10 Bar 
O2 Mass Fraction 0.23 - 
N2 Mass Fraction 0.77 - 
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The base grid mesh size is 0.001 m in all directions. Adaptive mesh refinement 
(AMR) allows the base grid mesh to adapt over the course of the simulation based on the 
conditions of the results within the region; the mesh becomes more refined in areas with 
large differences between mesh cell values and can become less refined in areas with 
small differences between mesh cell values. The criteria for AMR can be defined based 
on several measured variables. In this case, temperature is the crucial determinant. The 
default values of a maximum embedding level of 3 are used, meaning that, at most, the 
mesh was able to be refined up to 3 levels within each mesh cell, and the criteria is based 
on the differences in temperatures between cells. Therefore, the smallest possible cell size 
for these conditions is 0.125 mm. 
The chamber is assumed to only contain air with O2 and N2 mass fractions of 0.23 
and 0.77, respectively. The air in the chamber is assigned an initial pressure of 10 bar and 
an initial temperature based on an educated guess that was dependent on the boundary 
conditions. The initial guess is critical for quick convergence of the steady state 
simulations. Additionally, the Redlich-Kwong equation of state is utilized for the gas 
simulations. 
To ensure convergence and to observe results quickly, a progression of grid sizes 
will be utilized for each steady-state temperature simulation. To achieve this, the 
simulations will be run with a coarse grid. The results from the coarse simulation will 
then be utilized as the initial guess for a slightly finer grid. This will continue until a base 
grid of 0.001 m is achieved and the simulation is able to converge. A grid scaling factor 
is utilized to calculate the coarser grids according to the equation below. The pattern of 
grids is shown below in Table 20. 
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𝑠𝑐𝑎𝑙𝑒𝑑	𝑔𝑟𝑖𝑑 = 3N»¼½A¾¿MÀ	_¼Á½     (26) 
A demonstration of the increased resolution based on grid scale is shown in 
Figure 34. Resolution increases from left to right.  
Table 20 Grid scale factor and grid size for steady-state temperature simulations 
Grid Scale Factor Grid Size 
-3 0.008 
-2 0.004 
-1 0.002 
0 0.001 
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Figure 34 Temperature field results at the end of steady state temperature simulations for 
150 K temperature difference boundary conditions compared for each increasing mesh 
size 
The convergence criteria for the steady-state cases are outlined below. The 
selected values are the CONVERGE defaults for non-engine cases using a pressure-based 
steady-state solver. The maximum number of iterations for each transport equation and 
the pressure equation are increased for the purposes of this study. In addition to these 
values, it is appropriate to examine the change in the gas temperature at the end of the 
simulation cycles to ensure that the temperatures have reached a steady state.  
Table 21 Convergence criteria and steady-state simulation parameters 
Parameter Value 
Initial pseudo-time step 1e-06 seconds 
Minimum pseudo-time step 1e-06 seconds 
Maximum pseudo-time step 1e-03 seconds 
Momentum tolerance 1e-05 
Specific internal energy tolerance 1e-08 
Radiation tolerance 1e-05 
Pressure tolerance 1e-08 
Cycles before steady convergence is checked 3000-5000 
Maximum number of iterations for all transport equations 10 
Maximum number of pressure iterations 100 
Ideal maximum number of pressure iterations 100 
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 The results from these steady-state temperature simulations will be utilized to 
map the initial conditions within the domain for the reactive spray simulations. 
6.2.2 Stage 2: Reactive Spray Simulations 
Auto-ignition of n-dodecane in a constant volume environment will be explored 
through the use of CONVERGE’s built in chemistry models for general combustion in 
conjunction with a 106 species skeletal mechanism[23]. The skeletal model is more 
appropriate than a reduced mechanism because it is desired to realistically model the two-
stage ignition behavior of n-dodecane in the simulations.  
Overall, 12 reactive simulations will be run, each modeling the autoignition of 
liquid n-dodecane spray evaporating in a heated, pressurized environment initially 
consisting of air. The thermodynamic and transport properties for n-dodecane are given 
by the same model used for the skeletal mechanism[23]. The simulation boundary and 
initial conditions are outlined in   
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Table 16.  
For the reactive spray simulations, the turbulence modeling mechanics outlined in 
section 6.1.2 are coupled with the combustion modeling mechanics outlined in 6.1.3. 
Therefore, the SAGE detailed chemistry solver will be coupled with a RANS turbulence 
model, closed with an RNG k-𝜖 closure model to ensure the effects of turbulence and 
spray break-up are included in the combustion results. The global Prandtl and Schmidt 
numbers are 0.9 and 0.82, respectively. 
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Table 22 RANS RNG 𝑘 − 𝜖 model constants 
Model Constant Variable Value 𝐶 0.0845 
1/Prk 1.39 𝐶< 1.42 𝐶A 1.68 𝐶B -1.0 
1/Prε 1.39 𝛽 0.012 𝜂Ã 4.38 𝑐 0.0 𝑐Ä 0.03 
Furthermore, a Frossling droplet evaporation model is implemented with default 
values. The wall/spray interactions are defined as a wall film interaction with an 
O’Rourke splash model. The injector rate shape values are calculated based on the 
desired fuel mass, injection duration, and a given discharge coefficient. The calculated 
rate shape curve (velocity in meters/second) and the injection pressure curve (pressure in 
bar) are plotted with respect to time in seconds in Figure 35.  
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Figure 35 Spray rate and injection pressure curves 
plotted with respect to time (seconds) 
The Kevin-Helmholtz (KH) and Rayleigh-Taylor (RT) models are used for the 
injector with default values. The KH breakup model considers the stability of a viscous 
liquid jet coming from a circular nozzle into a stagnant, incompressible, inviscid gas. The 
initial liquid droplet diameters are set to equal the nozzle hole diameter. The breakup of 
parcels assumes that the breakup drop radius is proportional to the faster growing 
unstable surface wave. The RT model assumes that unstable RT waves are caused by the 
rapid deceleration of drops due to the drag force. Most RT models ignore gas and liquid 
viscosities, but the modified model developed by Senecal et al. [22] extends the standard 
RT model to include these viscosities. The combined KH-RT model assumes that only 
KH effects are responsible for droplet breakup within the breakup length. Beyond the 
breakup length, both KH and RT mechanisms are activated with RT mechanisms being 
checked first. 
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 The injection duration and mass injection values for Mass 1 simulations are 
chosen based on fuel calibration experiments done in the lab at Marquette University 
with the Bosch LB7 injector. Based on these experiments, the standard injection mass for 
spray simulations is selected to be 3.44e-06 kg, the injection duration is 1.55 ms, and the 
fuel temperature is 363 K with a discharge coefficient of 0.9, a default value in 
CONVERGE. For spray simulations examining an increase in fuel mass, a value was 
selected based on a 10% increase in mass, lending a value of 3.78e-06 kg. 
Table 23 Mass conditions for reactive spray simulations 
Case Mass (kg) Injection Duration (ms) 
Mass 1, Pressure 1 3.44e-06 1.55 
Mass 2, Pressure 1 3.78e-06 2.00 
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The spray rate and injection pressure curve for the mass 2 cases are shown in 
Figure 36. A larger injection duration was necessary to maintain the injection pressure of 
the mass 1 cases.   
 
Figure 36 Spray rate and injection pressure curves plotted against time for the Mass 2 
spray simulation cases 
For the injector, values are selected based on default values and the literature 
review. The important characteristics of the injector are as follows in Table 24. 
Table 24 Simulated injector parameters 
Parameter Value 
Number of nozzles 1 
Nozzle diameter 9e-05 m 
Spray cone angle 15° 
Nozzle tilt 40° 
The 12 reactive spray simulations will be compared to determine the effects of 
boundary temperatures, chamber geometry, and a slight increase in fuel mass on the 
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ignition behavior of the fuel. The pressure profiles will be evaluated to analyze the 
ignition delay values for each case. It is expected that all three variables will have an 
impact on ignition delay. The increase in chamber radius will lead to cooler internal 
temperatures, which will dramatically impact the ignition delay times. Additionally, the 
increase in fuel mass will require more energy to evaporate, which is expected to increase 
the maximum local temperatures due to the higher activation energy.  
Each of the reactive spray simulations will implement the mesh conditions in 
Table 25. These conditions were selected based on a simple mesh-study and results from 
the literature. The smallest grid size for the environment was 0.25 mm. Selection of the 
mesh sought to balance computational efficiency, computational capabilities, and result 
reliability.  
Table 25 Mesh conditions for reactive spray simulations 
Condition Value 
Base mesh 0.004 m 
Velocity AMR embed 
level 4 
Temperature AMR 
embed level 2 
Fixed embedding level 
near injector 3 
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Figure 37 Mesh study maximum temperature results for reactive spray simulation 
condition geometry 1, mass 1, uniform temperature 
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Figure 38 Mesh study pressure results for reactive spray simulation condition geometry 1, 
mass 1, uniform temperature 
An increase in base grid size from 2 mm to 4 mm led to a 4.2% difference in 
ignition delay. This increase can be attributed to the increase in local maximum 
temperature. Higher temperatures increase the reaction rate of the intermediate reactions, 
speeding up ignition, therefore decreasing ignition delay. The 2 mm base grid size was 
selected for this study despite the slight change in results. Accuracy of ignition delay in 
the simulations is not the primary concern. It was decided that this slight change in 
ignition delay is an acceptable consequence of dramatically increased computational 
efficiency. It is assumed that if sensitivities are present at these mesh conditions, they are 
also present at the finer mesh condition, therefore the results are comparable. An increase 
in computational power would be necessary to reach mesh independence for future 
studies.  
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7 SIMULATION RESULTS 
7.1 Steady-State Temperature Simulation Results 
The steady-state temperature simulations outlined in chapter 6 were conducted in 
Converge 2.2.0. These results for these simulations are depicted below. The gradient 
plots were created in Paraview.  
 
Figure 39 Steady state temperature field results for Geometry 1 
The temperature field on the left hand side of Figure 39 corresponds to the 150 K 
temperature difference boundary condition – the top wall was set at 773 K, the bottom 
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wall was set at 773 K, and the side wall was set at 923 K. The right hand side of Figure 
39 corresponds to the 100 K temperature difference boundary condition – the top wall 
was set at 823 K, the bottom wall was set at 823 K, and the side wall was set at 923 K.  
The same set of boundary conditions were set for geometry 2. These results are 
depicted in Figure 40. As with above, the left represents the 150 K temperature difference 
boundary condition and the right represents the 100 K temperature difference boundary 
condition.  
 
Figure 40 Steady state temperature field results for Geometry 2 
Some important values from these simulations are noted in Table 26.  
Table 26 Steady-state temperature simulation result summary 
Geometry Boundary Condition 𝚫 Mean Temperature (K) Max Temperature (K) 
1 150 K 894.68 922.77 
1 100 K 899.63 922.76 
2 150 K 864.89 922.48 
2 100 K 884.25 922.68 
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The increase in radius between geometry 1 and geometry 2 led to a decrease in 
the mean temperature of the chamber for both boundary conditions. For boundary 
condition 1, the decrease was 29.79 K. For boundary condition 2, the decrease was 15.38 
K. Additionally, geometry 2 was more influenced by the boundary conditions than 
geometry 1 was. Geometry 2 experienced a 19.36 K shift in mean temperature between 
boundary condition 1 and boundary condition 2. Geometry 1 experience a 4.95 K shift in 
mean temperature between boundary condition 1 and boundary 2.  
These temperature field results were implemented as the initial conditions 
throughout the domains in the reactive spray simulations in conjunction with the same 
boundary conditions.  
7.2 Reactive Spray Simulation Results  
Figure 41 displays the reactive spray results in geometry 1 comparing the two fuel 
mass values for stratified temperature boundary conditions. The reactive spray results in 
geometry 1 comparing the two fuel mass values for uniform temperature boundary 
conditions are displayed in Figure 42. As can be seen, there are distinct differences 
between the two mass conditions for all cases in geometry 1. For all cases, the higher fuel 
mass led to a decrease in ignition delay time for second-stage ignition and increased the 
maximum temperature in the chamber. The most significant difference in results was 
observed in the case with homogeneous temperature conditions. This was likely due to 
the increased center temperature, which would lead to a decrease in evaporation time.   
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Figure 41 Reactive spray results comparing mass values in Geometry 1 with stratified 
temperature conditions 
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Figure 42 Reactive spray results comparing mass values in Geometry 1 with uniform 
temperature conditions 
The reactive spray simulation results for the two fuel mass cases with stratified 
temperature boundary conditions in the second geometry are depicted in Figure 43. The 
results for the two fuel mass cases with uniform temperature boundary conditions in the 
second geometry are depicted in Figure 44. Unlike the geometry one cases, the most 
significant result changes occurred in the stratified temperature boundary condition cases. 
In the 150 K temperature difference case, the ignition delay for second-stage ignition 
increased to greater than 55 ms. This ignition delay is drastically higher than that of the 
uniform temperature case, implying that the temperature gradient within the chamber 
plays a critical role in ignition delay measurements. The injected fuel mass also had a 
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significant impact on ignition delay in all cases. The numerical values for these ignition 
delays are tabulated in Table 27.  
 
Figure 43 Reactive spray results comparing mass values in Geometry 2 with stratified 
temperature conditions  
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Figure 44 Reactive spray results comparing mass values in Geometry 2 with uniform 
temperature conditions 
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Figure 45 Pressure, fuel mass, and formaldehyde results for all three temperature 
boundary conditions in the geometry 2, mass 1 case 
Displayed in Figure 45 are the species and pressure results in geometry 1 with the 
mass 1 condition at the three different temperature boundary conditions. In these plots, it 
can be seen that fuel consumption began much earlier in the uniform condition case than 
it did in the differential temperature cases. In all cases, the fuel began reacting with the 
oxygen in the chamber before the end of injection. The first-stage ignition delay for the 
uniform case was slower than the other cases, however. This may be due to the increased 
mixing time allowed in the temperature differential cases due to the cooler center 
temperatures. Despite this, the second-stage ignition delay for the uniform condition was 
still significantly faster than the other two cases. These results display the sensitivity of 
the system to the temperature conditions and the mixing conditions of the fuel and the 
gaseous oxygen. 
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Figure 46 Reactive spray results comparing temperature conditions in Geometry 1 with 
mass 1 
 
Figure 47 Reactive spray results comparing temperature conditions in Geometry 1 with 
mass 2 
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Figure 48 Reactive spray results comparing temperature conditions in Geometry 2 with 
mass 1 
 
Figure 49 Reactive spray results comparing temperature conditions in Geometry 2 with 
mass 2 
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The results from these reactive spray simulations provided several useful 
qualitative conclusions. Notably, increasing the fuel mass clearly decreases the ignition 
delay time for second stage ignition and increase the maximum temperature of the 
reaction. Additionally, the temperature of the chamber is observed to have a significant 
influence on the ignition delay, especially in the wider geometry. The difference in 
temperatures had less of an effect on the results in the first geometry, likely because of 
the hotter center temperature relative to the second geometry. Higher center temperatures 
increased the evaporation of the fuel, which leads to faster oxidation, which increase the 
reaction rates. The cooler center temperatures led to longer mixing times, which would 
have more of an effect on ignition delay.  
Table 27 Ignition delay results for reactive spray simulations 
Geometry Fuel Mass (kg) 
Temperature 
Gradient (K) 𝝉𝟏 (ms) 𝝉𝟐 (ms) 
1 3.44e06 150 1.79 4.78 
1 3.44e-06 100 2.09 4.14 
1 3.44e-06 0 2.93 4.23 
1 3.78e-06 150 2.81 4.21 
1 3.78e-06 100 2.10 3.87 
1 3.78e-06 0 2.03 3.18 
2 3.44e06 150 1.56 > 55 
2 3.44e-06 100 1.74 26.92 
2 3.44e-06 0 2.99 10.00 
2 3.78e-06 150 1.75 39.96 
2 3.78e-06 100 2.17 14.39 
2 3.78e-06 0 2.68 7.84 
In Table 27, 𝜏< refers to the time from the start of injection to the time when the 
chamber pressure rises to 0.1 bar above the initial pressure and 𝜏A refers to the time from 
the start of injection to the time when the chamber pressures rises to 1.0 bar above the 
initial pressure. In all cases, differences in temperature led to differences in ignition 
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delay, but the effects were significantly greater in the geometry 2 cases than the geometry 
1 cases. Additionally, an increase in mass generally led to an increase in first-stage 
ignition delay time but also a reduction in second-stage ignition delay time.   
 
Figure 50 First-stage ignition delay trends for all reactive spray simulation 
 
0
0.5
1
1.5
2
2.5
3
3.5
0 0.5 1 1.5 2 2.5 3 3.5
Ig
nt
io
n 
D
el
ay
 (m
s)
Index
First-Stage Igntion Delay Comparison
G1 Mass 1
G1 Mass 2
G2 Mass 1
G2 Mass 2
100 
 
 
 
 
Figure 51 Second-stage ignition delay trends for all reactive spray simulations 
The trends for the ignition delay results, first-stage and second-stage, are 
presented in Figure 50and Figure 51 respectively. Index 1, 2, and 3 correspond with the 
temperature difference cases, 150 K, 100 K, and 0 K respectively. As can be seen in 
Figure 51, the geometry 2 results show a much more significant slope than those from 
geometry 1 cases. This may be due to the vapor penetration of the fuel spray that 
occurred in geometry 1. Figure 50 shows that generally the first-stage ignition for each 
case slightly increased with decreasing temperature gradient. The geometry 1, mass 2 
case does not follow this trend. 
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Figure 52 Pressure results for the uniform temperature, lower mass conditions in both 
geometries 
The effects of vapor penetration on the inner wall of the chamber can be seen in 
Figure 52. The smaller inner radius geometry reached second-stage ignition 5.77 ms 
earlier than the larger inner radius geometry, implying that the vapor penetration plays a 
significant role in the ignition of the fuel. This is further explored and visualized in 
Figure 53. The reaction geometry 1 occurs much faster and is much hotter than the 
reaction in geometry 2. This may be due to the increased mixing provided by the fuel 
vapor hitting the chamber wall and the molecules rebounding back into the gas within the 
chamber. This appears to localize the reaction, which may be increasing the reaction 
rates.  
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Figure 53 Vapor penetration comparisons in geometry 1 and geometry 2 at uniform 
temperature conditions at 1.50 and 2.3 ms, respectively 
Ultimately, it can be concluded that ignition delay results are highly sensitive to 
environmental factors. These sensitivities increased for the larger geometry condition, 
which can be explained by two potential phenomena; the lack of wall effects and the 
decreased center temperature. The uniform temperature cases for the geometry 2 
condition display second-stage ignition delays that are near those of the geometry 1 cases, 
which implies that the center temperature difference is more influential than the wall 
effects of the vapor impingement in the geometry 1 cases. The cases that were least 
sensitive to changes were the geometry 1 cases with the mass 2 condition. These 
parameters should be iterated upon in further studies across a range of fuels and 
temperatures. 
8 CONCLUSIONS & FUTURE WORK 
Ultimately, it was concluded that constant volume combustion environments are 
highly sensitive to changes in fuel mass as well as average initial temperature. 
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Additionally, it was concluded that to ensure repeatable ignition delay results at a given 
condition, it is crucial to find a balance between chemical and physical effects on the 
reaction rates. In the second geometry conditions, without the effects of vapor 
penetration, the largest difference in ignition delay was noted for the two different mass 
conditions. These observations were noted at all temperature conditions. The bulk of 
future work should focus on reducing the sensitivities to fuel mass, since the mechanical 
properties of fuel injection systems will not be identical in future experiments.  
Based on the results in this thesis, future work should be driven by the goal of 
optimizing the chamber geometry and the fuel mass injected during an experiment. 
Simulations can be conducted exploring the scaling of wall effects on the ignition delay 
results as the radius of the chamber increases from 1.5 inches until the effects of the 
vapor penetration are no longer seen. There may be an optimal amount of vapor 
penetration for consistent ignition delay data regardless of slight changes in fuel mass or 
temperature. Additionally, further exploration should be done to examine the effects of 
initial pressure and initial temperature, particularly within the low-temperature 
combustion range for hydrocarbon fuels. Sensitivity analysis should be done to determine 
how the system would respond to a smaller change in initial temperature. Finally, further 
simulation work should be done to examine the spatial locations of intermediate species 
during combustion events. These results will provide insight into the dramatic changes in 
reaction rates in different chamber environments.  
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